(ii) The method for the determination of reference limits according to the original procedure and the conditions, which should be used. (iii) A simple procedure allowing the medical laboratories to fulfill the requirements of the regulation and standards. The updated document proposes to verify that published reference limits are applicable to the laboratory involved. Finally, the strengths and limits of the revised recommendations (especially the selection of the reference population, the maintenance of the analytical quality, the choice of the statistical method used…) will be briefly discussed.
Introduction
Support for the interpretation of laboratory tests is a major concern for medical laboratories particularly in the interpretation of results. Properly validated reference intervals for each quantitative result as given in the report is one of the main criteria for medical decision taken using biological examination.
The concept of reference values was designed in the 1970s by a Scandinavian group, then, it was developed and completed by numerous works of national societies (French and Spanish) as well as at the international level, particularly within the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) and National Committee for Clinical Laboratory Standards (NCCLS) (now CLSI -USA) in the 1980s. Documents from public or standardization bodies have institutionalized the recommendations of the national scientific societies.
Thus, EN ISO 15189 standard [1] for Medical Laboratories and Directive 98/79/EC [2] for in vitro diagnostic devices (IVD) recommend the report of results to include, as applicable, reference interval limits provided by Medical Laboratories and the package inserts of IVD as well.
Numerous articles published in recent decades are partly outdated and does not always correspond to the needs expressed by professionals [3] [4] [5] [6] [7] [8] [9] . A joint working group from the CLSI and the IFCC has revised documents published previously. A joint paper was published under the title "Defining, Establishing and Verifying Reference Intervals in the Clinical laboratory: Approved Guideline-Third Edition -EP28-A3c" [10] . The French Society (Société Française de Biologie Clinique -SFBC) provided recommendations for determination and review of reference intervals [11] .
Terminology
The following definitions have been approved by the IFCC, the International Council for Standardization in Hematology (ICSH) and the World Health Organization (WHO), then by the CLSI. They have been included in full in the latest document published jointly by the IFCC and CLSI [10] .
-Observed value: value of an analyte obtained by observation or measurement of a test subject, which should be compared with reference values, a reference distribution, reference limit or reference interval -Reference distribution: the distribution of reference values -Reference individual: a person selected on the basis of well-defined criteria -Reference population: a group consisting of all reference individuals -Reference interval: the interval between two reference limits (these included) e.g.: 95% of apparently healthy men from 18 to 65 years -Reference limits: a value derived from the reference distribution and used for descriptive purposes -Reference values: the value obtained by observation or measurement of a defined quantity on a reference individual Figure 1 shows the relationship between the various terms defined above. The reference interval is the interval specified in the distribution of values obtained from populations of healthy subjects. This is generally defined as an interval corresponding to 95% of the population, centered on the median. It can vary depending on the type of primary population sample and the analytical method. In some cases, only one reference limit may be used, usually an upper limit. The determination of the reference interval is based on statistical calculations. It is purely descriptive of a given population.
The reference limits [12] (defining a reference range) are associated with a well-defined reference population, generally consisting of healthy individuals. They are used to compare an observed value (a result from the patient) to reference data obtained from this group of well-defined subjects. They are one of the keys for medical decision making which should take into account the specificities of each patient. Reference limits are descriptive of a given health state and can sometimes be used, in well-defined cases, as decision limits.
The medical decision limits [12] are used by the clinician as a threshold below or above which a medical action is recommended. While reference limits are generally two (upper and lower limits), the number of decision limits is variable according to concerned laboratory test and clinical setting. They are based on a clinical assessment and are set either by statistical methods (e.g. Bayesian approach) or from epidemiological studies.
In some cases, for some analytes, reference ranges are replaced by decision limits set by national or international consensus (e.g. total cholesterol, glycated hemoglobin...). For these analytes it is unnecessary to determine reference limits or to validate data from the literature.
Finally, it should be borne in mind that the comparison of a laboratory result to a reference or decision limits is not the only way of interpretation of laboratory tests: as recalled again Dalton about the measurement of serum creatinine? This also applies to many other analytes: low variation of an observed value (even within the reference range) may have a pathophysiological significance (for the diagnosis, monitoring of treatment or prevention) [13] .
Protocol for determining reference limits
For a new examination or a new method, if there is no reliable data in the literature, the laboratory will use the basic protocol to determine the reference interval limits. When information is available, it may be preferable to validate published reference intervals.
The basic protocol includes a series of successive steps fully described in documents formerly published by the IFCC [3] [4] [5] [6] [7] [8] [9] and recent recommendations of the IFCC and CLSI [12] . Here is a simplified summary: The following describes some points.
Selection of reference individuals
The definition of status of "good health" is particularly difficult to establish and assume that a multitude of conditions are met. In a first step, individuals "sick" or with "risk factors" will be excluded from the sample. In a second step, the reference sample will be divided into representative sub-classes, in practice most frequently limited to gender and age.
Preanalytical factors
The objective is to control and manage the significant preanalytical factors to minimize their effects. It relates to the preparation of the subject before collection and processing of the sample (handling and storage) [6] .
Exclusion criteria are designed to select groups of healthy individuals by removing diseased, conditions as pregnancy, intense exercice, drug use or at risk individuals.
Partition criteria are designed to classify reference individuals into different subclasses. The two most common are age and sex. In some cases an exclusion criteria can be considered as a partition factor.
Exhaustive lists of various variability factors (preanalytical, exclusion and partition) are published in the documents of IFCC and CLSI [5, 10] .
Analytical factors
Reference intervals are related to the method of measurement used which should be carefully described. The factors of variation over time (including changes from batch to batch) must be controlled and mastered. The issues to be considered are well described in an article published by Klein [14] .
The traceability to a system of reference concerns very few laboratory tests so far: if it exists, it will be described.
Statistical data analysis
Three different statistical methods were described in the official IFCC/CLSI documents [10] . The methods presented below have been proven and are internationally recognized.
-The parametric method is applicable to populations whose distribution is normal ("Gaussian"). If the distribution is not Gaussian, a statistical transformation to normalize it, is to apply. Then it is to verify that the new distribution follows a normal distribution. This method is not widely used in laboratory medicine, because the observed distributions are usually skewed. -The non-parametric method requires nothing of the laws of probability, so it is still applicable. However, it requires careful selection of reference individuals and a sufficient number of individuals (≥ 120). This is the method currently recommended by IFCC. -The robust method was recently introduced in the last document of the IFCC/CLSI [12] . This is of interest when the number of subjects is limited. It does not require that the distribution is Gaussian. Statistically it is a method similar to the parametric method except that it measures the position and dispersion instead of the mean and standard deviation.
Numerous other statistical methods have been described in the literature (traditional parametric methods, bootstrap techniques, etc. …) but they require the assistance of experienced statisticians. In practice, the first two techniques, parametric and nonparametric, are fully described in the original documents of the IFCC [8] , robust technology in a book published in 2005 by Horn and Pesce [15] .
Minimum number of reference values
Conventional statistical methods requires a minimum number of at least 120 values by class or subclass. Indeed, the number of values directly affects the accuracy of the calculation of the reference limits. Reaching this number is sometimes difficult (e.g. expensive tests, pediatrics, difficult sampling...), and then it is recommended to use only nonparametric methods (or robust method as an alternative).
The calculation of the confidence interval for each reference limit allows validating the number of individuals selected. It is generally accepted that the confidence interval for each reference limit should be < 0.2 times the width of the reference interval concerned.
Transferability
The IFCC protocol is considered the "gold standard", but it is unsuitable for routine practice of clinical laboratories because it is too heavy and too complex to implement. Also it seems unrealistic that each laboratory determines its own reference ranges for each new test method or analytical system introduced in the laboratory. There is no simple, universal method. The main difficulty is the selection of the population and the definition of a "healthy" individual. If recruitment is not properly done, the calculated reference limits may be skewed regardless of the statistical method used. In practice, the most common factors of exclusion are: the presence of an acute or chronic illness, long-term medication, overweight and consumption of tobacco and/or alcohol. Inclusion and exclusion criteria are to be documented according to the test and disease associated.
Review of reference intervals
In an attempt to overcome this difficulty it is proposed that only a "review or verification" of the published reference limits shall be made. The transfer of data produced by other laboratories or IVD manufacturers, combined with a simple validation process, could be a great help.
However, certain conditions must be fulfilled so that the transfer process is acceptable, including the selection process of the population and that measurement methodologies (preanalytical and analytical) are similar. For this purpose, the revised recommendations IFCC/CLSI [10] propose several solutions based on different scenarios:
Case 1: Comparison of analytical systems
Reference limits were determined from the laboratory population for a given analytical system: If the laboratory decides to change a method (or an analyzer), transferability within the same laboratory to another analytical platform turn into a "comparison of analytical systems". It is not necessary in this case to select reference individuals. The operation comes down to a comparison of methods following a recognized protocol (SFBC accreditation [16] Valtec [17, 18] , CLSI EP9-A3 [19] ). We calculate the equation of the regression (slope, intercept, uncertainty) after a verification of the homogeneity of the data. Fresh patient samples will be used (while the range of measurement of the relevant method will be respected). The accuracy of each method and the calibrators should be similar.
Two scenarios are possible: 1. There is no systematic difference between the two methods -The slope of the regression line is close to 1.0 (x ± %) depending of the test and defined acceptable limits. It is necessary to carefully check the distribution and homogeneity of the data.
-The intercept (positive or negative) is weak, below the predefined criteria (depending of the test and defined acceptable limits [17, 18] . -The range of measurement is similar accordingly, the results obtained with one or the other methods are compatible. The reference interval of the previous method can be used for the new method. 2. There is a proportional difference between the two methods -The data of the comparison are consistent.
-The slope of the regression line deviates from 1 and more than x ± % depending of the test and defined acceptable limits. -The intercept (positive or negative) is weak, below the predefined criteria depending of the test and defined acceptable limits [17, 18] . -The range of measurement is similar accordingly; the reference ranges for the new method can be recalculated using the equation of the regression line after previous residual analysis.
Comparison of analytical systems assumes that: 1. The protocol for method comparison is followed strictly, including the uniform distribution of values throughout the measuring range, if not the risk of leading to erroneous statistical calculations is high. 2. If the intercept is too high, the direct transfer is not recommended. 3. Linear regression is not always the best method to compare two sets of values. For example, if the range of values is too small, the evaluation of the bias between the averages of the two methods is better suited to recalculate the reference limits of the new method.
Case 2: Comparison of populations
When a laboratory wishes to transfer the reference intervals established by another laboratory (article, laboratory with the same analytical system, users group...) or by a manufacturer, the transfer of the reference interval exceeds the strict comparison of analytical systems framework, it becomes a matter of comparing reference populations. Several approaches are proposed in the latest recommendations of the IFCC and CLSI [10] .
Subjective method
To verify that the essential elements of the original study are consistent with the working conditions and the population of the laboratory.
Key elements to consider are: -the geographic and demographic criteria -the preanalytical procedures -the analytical performance -the description of the reference population and the protocol used -the statistical method for determining the reference range
If this is the case, the reference range of the original study can be transferred without verification. Providing all the necessary information is still the main limitation. 2. Verification of the reference interval from a sample of apparently healthy subjects (Figure 2 ) If the subjective method is not applicable, the laboratory verifies the reference interval published (IVD manufacturer's application sheets, another laboratory data, scientific articles, etc. …).
Protocol: -Selection of 20 apparently healthy individuals, taking into accounts the required exclusion and partition criteria (gender, age, absence of disease, medication...). -Determination of reference intervals with the method to be tested. The homogeneity of the set of data will be checked to ensure that the whole range is covered by data. If some data are discrepant as compared to the whole, they could be eliminated using a so-called method for rejection of outliers. Preanalytical and analytical conditions of the tested method and the original one will be consistent. Interpretation: -reference limits to be checked are accepted if the number of results outside the limits is ≤ 2. -New selection of 20 biological samples is analyzed if the number of results outside of the proposed limits is equal to 3: the same procedure as above is applied. Under these conditions, the reference limits to be checked are accepted if the number of results of the new selection out of range is ≤ 2. -If four or more results are outside of the limits, it is advisable to review the analytical procedure, to consider the possible presence of biological and/ or demographic differences and to determine the reference limits of the new method following the original protocol. It would ne helpful to examine possibility if given reference interval data could be matched with some other refrenec interval source prior to start detailed RI examination with a large number of samples.
Multicenter studies to determine reference intervals
Given the difficulty in selecting reference individuals, pooling of data produced by different laboratories can simplify some tasks to achieve the desired goal [10] . Indeed, among the many factors of variation, two are particularly important: -The reference population: the documentation of ethnic and racial differences is relatively scarce, but it cannot be overlooked. -The influence of the analytical method is true. However, standardization efforts undertaken in recent years allow reducing the effects from laboratory to laboratory. However, the inter methods differences are often very important, especially in immunochemistry. It is therefore possible to produce common reference intervals through multicentre studies, subject to comparable analytical systems.
To do this the following prerequisites must be met: -The selection of reference individuals will be consistent with the basic protocol -The implementation of the pre analytical phase will be the same on each site and well described -Traceability of results and the inter-laboratory standardization will be effective -A common program of quality control will be implemented -Finally it is recommended that each laboratory validates established reference ranges in its own environment.
Traceability
Traceability of all actions will be provided. All steps for determining Reference Intervals will be documented: -Preanalytical conditions -Analytical method -Selection of the reference samples -Statistical method
Other procedures for transferring and validating reference intervals
Tate et al. [20] published recently a critical review. Some examples are given, including the Canadian study from 
